The splicing of group 11 and nuclear pre-mRNAs introns occurs via a similar splicing pathway and some of the RNA -RNA interactions involved in these splicing reactions show structural similarities. Recently, genetic analyses performed in a group 11 intron and the yeast nuclear actin gene suggested that non Watson-Crick interactions between intron boundaries are important for the second splicing step efficiency in both classes of introns. We here show that, in the yeast nuclear rp51A intron, a G to A mutation at the first position activates cryptic 3' splice sites with the sequences UAC/ or UAA/. Moreover, the natural 3' splice site could be reactivated by a G to C substitution of the last intron nucleotide. These results demonstrate that the interaction between the first and last intron nucleotides is a conserved feature of nuclear pre-mRNA splicing in yeast and is involved in the mechanism of 3' splice site selection.
INTRODUCTION
Nuclear pre-mRNAs introns are excised from precursor RNAs by a two step transesterification pathway which is similar to the splicing pathway of group II introns found in organelles of fungi and plants (1) and in bacteria (2) . The first step products are the 5' exon, and a lariat intron-3' exon intermediate in which the first nucleotide of the intron (GI) is bound to an internal adenosine by a 5'-2' phosphodiester bond. The second step consists in the ligation of the two exons and liberation of the lariat intron. Group [I introns can self-splice in vitro (3; 4) due to their conserved high order structure (1) . In contrast, nuclear pre-mRNAs introns do not show strongly conserved secondary structures and their excision requires the assembly of a multimolecular ribonucleoprotein complex called the spliceosome (5; 6). Despite these differences, functional similarities have been found between intermolecular RNA-RNA interactions in the spliceosome and conserved structural features of group II introns (reviewed in 7) .
The consensus sequences of nuclear pre-mRNA introns at the 5' splice site are /GUAUGU in yeast and /GURAGU in higher eucaryotes, while the 3' splice site is conserved as YAG/ in all eucaryotes. In addition, two kinds of introns have been defined in yeast (8) : the first class, called 3' long (3'L) has a branchpoint away from the 3' splice site ( >20nt), with a polypyrimidine tract. The second class, called 3' short (3'S) is characterized by a short distance between the branchpoint and the 3' splice site ( < 20 nt) with no polypyrimidine tract. The 5' consensus sequences are reminiscent of the consensus sequences found in group II introns (/GUGYG; 1). In contrast, the only similarity between group II and nuclear pre-mRNAs introns at the 3' splice site concerns the penultimate nucleotide (A). The role of these conserved sequences in nuclear introns has been elucidated in part by the description of base-pairing interactions between these sequences and small nuclear RNA (snRNA) (reviewed in 6; see also 9; 10; 11) . In addition to these intermolecular interactions, an example of long distance intramolecular interaction has been reported recently in the yeast actin intron (12) . By genetic analysis, the first and last nucleotides of this intron were shown to be involved in a non Watson-Crick interaction essential to the second splicing step. Interestingly, boundaries of group II introns are also involved in an interaction which occurs after the first step of the splicing reaction (13) . In this case, the first and the penultimate nucleotides of the intron interact. The fact that the first nucleotide is conserved as a G and the penultimate as an A in both group II and nuclear pre-mRNA introns suggested that the first to penultimate nucleotide interaction described for group II introns could also occur in nuclear introns, in addition to the interaction between the first and last nucleotides.
To test this hypothesis, we have undertaken a mutational analysis of the first, penultimate and last nucleotides of the intron of the S. cerevisiae rp5JA nuclear gene. No compensatory effect can be found between mutations at the first and penultimate positions. In contrast, compensatory effects between mutations at the first and last positions are observed, showing that the interaction between these nucleotides is not restricted to the actin intron. Moreover, a G1 to A mutation at the 5' splice site induces use of cryptic 3' splice sites according to the compensatory combinations described for the actin intron (12) . These results show that the interaction between the first and last intron *To whom correspondence should be addressed nucleotides is not only essential for efficient 3' cleavage, as previously described, but is also an element of 3' splice site specificity.
MATERIALS AND METHODS
Plasmids and strains All plasmids used are mutation derivatives of pHZ18 (14) . This plasmid is a derivative of pLGSD5 (15) which contains a rp5JA intron-,B-galactosidase hybrid gene under the control of the galactose inducible CYC1 promoter (14) . Two potential cryptic 3' splice sites (UAG sequences) are located in exon 2. Although activation of these sites by mutations at the 3' splice site was not tested, we used a derivative of pHZ18 in which these two UAG sequences were substituted to UAA to avoid these events. These mutations did not affect the splicing of the wild-type intron (data not shown). In vitro mutagenesis was performed after subcloning into pBluescript® KSvector (Stratagene Co., La Jolla, CA) and using the dut-, ung-procedure (16) . Recombinant pHZ18 plasmids were sequenced as described (17) to verify constructions. Yeast cells (strain MGD353-46D (MA Tcx ura3-52 trpl-289 leu2-3, 112 his3-deltal cyhR);(18)) were transformed using the LiCl method as described (19) .
RNA analysis and ,-galactosidase assays Yeast cells were grown at 30°C in glycerol-lactate medium lacking uracil, with 2% galactose in order to induce the reporter gene. At O.D. 6m 0.5 -1.2., cells were harvested to perform 3galactosidase assay (20) or to extract total RNAs as described (21) with minor modifications. Primer extension analyses were done as following using primer PL1 17 (5'CGCTTGACGGT-CTTGG). 5 ,ug of total RNAs were hybridized 1 hour at 42°C with 0.25 pmol of gel-purified 5' end labeled PL1 17 primer in 6 bromophenol blue). Aliquot volumes (typically 81l) were loaded on 5 % sequencing gels. Dried gels were exposed using intensifying screens. (20) . The activities are mean values of at least two independent experiments, in which the activity of at least two independent transformants was measured in duplicate. The background level is 0.01. B: Primer extension analysis; mutant sequences are in lower case. The multiple band pattern of mRNAs results from the multiple transcription starts of the CYCI promoter used in the reporter gene (see text). Proximal cryptic sites can be detected in mutants U1 (lane5) and U397 (lane 8) by a slight shift in size in the band pattern. The arrow points to the minor proximal cryptic site activated by the AI/C397 mutation, and to a lesser extent, in other double mutants containing the Al mutation.
RT-PCR experiments cDNAs were synthesized as described above, using gel purified primer HZPC2:5 'AGCTAGGATCCAGTGAGACGGGCAA-CAG. This primer was also used for PCR amplification; the second primer used for PCR was HZPC1:5'CCCAAGCTTGGG-ATCTCGAGACTAGC. PCR amplification was performed in 30 rounds (94°C, 15s; 55°C, 2 min; 72°C, 1 min). After digestion by appropriate restriction enzymes, PCR fragments were cloned in pUC19 and sequenced.
RESULTS
Activation of a cryptic 3' splice site by a mutation at the 5' splice site We have mutated the first (position 1) and penultimate (position 397) nucleotides of the rp5JA itron fused to a lacZ reporter gene from which only mature mRNAs can give rise to 3-galactosidase activity (see materials and methods and (14)). Mutant sequences are shown in lower case in figures and underlined in the text; a slash bar / indicates a splice site. After transformation of the mutant plasmids, in vivo splicing of each construct was monitored by two assays: (i) measurement of the overall splicing efficiency by a ,B-galactosidase enzyme assay and (ii) molecular analysis of the splicing products by primer extension using an exon 2 specific primer. To look for a compensatory effect between mutations at the first and penultimate positions, we have examined the splicing of a complete panel of single and double mutants at these positions. The results of the fl-galactosidase assays are shown in figure 1A . The single mutants at the first and penultimate positions showed a strong reduction of f-galactosidase activity reflecting their low splicing efficiency. A non allele specific compensatory effect could be observed in the double mutants containing the Al mutation. The strongest effect is seen in the A1-C397 double mutant which shows more than a 5 fold increase of ,B-galactosidase activity when compared to the best corresponding single mutant. Other double mutants showed lacZ levels lower than those from corresponding single mutants.
We next performed primer extension analysis of the corresponding RNAs (figure 1B). As previously described (14), mRNA derived cDNAs give rise to a multiple band pattern (ane 2), due to the multiple transcription starts of the CYC1 promoter (22) , which controls the synthesis of rp5JA-LacZ fusion RNAs. Endogenous rp5JA cDNAs were used as internal standard. Mutations at the first position increase the amount of unspliced precursor and lariat intermediates, as shown in previous studies in yeast (23;24) . The amount of unspliced precursor in mutants at the penultimate position is lower than in position 1 mutants, but significantly greater than in wild-type. Thus, mutations at the penultimate position affect the first splicing step, although less dramatically than mutations at the first position. The amount of lariat intermediate is comparable in all mutants, excepted for C1 mutants, in which the severe first step defect lowers the amount of this molecule. The majority of double mutants accumulate precursor and intermediate, but no wild-type mRNA could be detected. Hence, no true compensatory effect was observed in double mutants at the first and penultimate positions.
The compensation detected by f-galactosidase activity in the Al containing double mutants (particulary in Al-C397) correlates with the appearance of an aberrant mRNA, indicated by an arrow (figure iB; lane 9; the nature of this mRNA is analyzed below). Splicing accuracy is affected by many of these mutations, as shown by the activation of multiple cryptic sites. Splicing of constructs containing the Al mutation result in the formation of mRNAs longer than wild-type. In addition, mutations Ul and U397 (lanes 5 and 8, respectively) show patterns of mRNAs of slightly different size than wild-type mRNAs (see legends of figure LB). To analyze these products, we have used the RT-PCR technique. In order to avoid amplification of the rpSJA endogenous transcripts, RT-PCR was performed using a primer complementary to the beginning of the lacZ gene. RT-PCR was applied to RNAs extracted from cells harbouring wild-type and mutant plasmids Al, Ul, U397, Al-C397 ( figure 2A ). Three major bands could be identified. Two migrate with the sizes expected for cDNAs corresponding to unspliced precursor and wild-type mRNA, respectively. The third band migrates slightly more slowly than the cDNAs of wild-type mRNAs, and is present only in mutants containing the A1 mutation, correlating with the presence of longer mRNAs visible by primer extension (mRNAs-39; see figure 1B ). For each mutant the bands corresponding to mRNAs were gel purified, cloned and sequenced. To be sure of the location of cleavage sites, the location of the 5' cleavage was determined by primer extension using the intron specific primer RB27 (25; data not shown). A summary of the sequences of mRNAs resulting from splicing of mutant introns is shown in figure 2B .
In the Al containing constructs, cloning and sequencing of the cDNA corresponding to the major mRNAs (upper M band in figure 2A ) always gave rise to the same sequence. In these clones, a cryptic 3' splice site is used in which cleavage occurs after a UAC sequence. This cryptic site is located at position -39 relative to the wild-type 3' splice site (19 nucleotides downstream of the branchpoint). Although in frame, these mRNAs do not give rise to f-galactosidase activity because of a stop codon located downstream this new site. Thus, the A1 mutation is compensated by the use of a non canonical cryptic 3' splice site located after a C instead of a G. The same compensatory combination (Al/C at the last position) was reported in the actin intron, albeit at the wild-type position (12) . In addition to induction of the -39 mRNA, the Al-C397 double mutation resulted in the appearance of a new minor product (figure 1B, lane 9). Sequencing the PCR product (the band which migrated approximatively at the same size as the wild-type mRNA derived cDNA was gel purified) showed that this mRNA results from the activation of a cryptic 3' splice site located at position -3 relative to the wild-type 3' splice site. This cryptic cleavage occurs after UAA/. Thus, the compensatory effect observed by the (galactosidase assay correlates with the formation of an aberrant splicing product which is in frame with the ,B-galactosidase reading frame. In this case the sequences at the first and last nucleotides are Al-A395. In conclusion, when the first nucleotide of the intron is mutated from G to A, cryptic 3' splice sites are activated downstream of a C or an A. This pattern of activation follows the same rules as the compensatory combinations previously described at the wild-type position in the actin intron (12) .
Other mutations led to use of cryptic sites whose sequences are reminiscent of the consensus sequences. The U1 mutation induces the utilisation of a cryptic 5' splice site at -1 relative Figure 2 . RT-PCR analysis of RNAs from mutants at the first, penultimate and last positions. A: Ethidium Bromide staining of a 2% agarose gel. 1/10 of the PCR reaction was loaded on each lane. MW is the molecular weight marker (1Kb ladder). P corresponds to the size of PCR products expected for the amplified cDNAs of the pre-mRNAs. The lower M arrow point to the size of PCR products expected for cDNAs from wild-type and proximal cryptic mRNAs, which can not be distinguished in size. The higher M arrow indicates the PCR product expected from the distal 3' cryptic -39 mRNA. B: Sequences of cryptic splice sites activated by mutations at the first and penultimate positions. Exon sequences are boxed; exons resulting from cryptic activation are dashed; BP is the branchpoint, Py the polypyrimidine tract. The major 3' cryptic splice site induced by the Al mutation was identified by sequencing 2 clones from the Al mutant, 3 from the A1/C397 mutant and 4 from the A1/C397/C398. The minor 3' cryptic splice site activated in A1/C397 and A_/C397/C398 was identified by the sequence of 2 clones from A1/C397 and 8 from A1/C397/C398. The 5' cryptic splice site in the U1 mutant was found in 6 clones on 6 sequenced. 10 clones deriving from the U397 were sequenced; one used the wild-type 3' splice site, 3 used the site at position + 1 and 6 activated the site at position +7. to the natural site (G/GUAUGU changed to /GUUAUGU; figure   2B ). Note that in this mutant 5' cleavage also occurs at the natural site (/UUAUGU). However, the resulting lariat intermediates are most likely inactive for the second step, since no wild type mRNAs are detected. The U397 mutation induced activation of 2 cryptic 3' splice sites in exon 2 in which the last nucleotide of the cryptic site was always a G (UGG/ at position + 1 and AAG/ at position +7, relative to the wild-type 3' splice site; figure 2B ).
In addition to the effects described above, mutations at the penultimate position induced a strong reduction of the amount of plasmid borne rpSJ-LacZ fusion RNA compared to position 1 mutants (this was also observed in mutants at the last position; see figure 3A ). When these mutations were combined with position 1 mutations, the level of RNAs was partially restored (compare lanes 6-8 with lanes 9-17 in figure 1B and lanes 4,5 with lanes 6-8 in figure 3A ).
Compensatory effects of mutations at the first and last positions of the rp51A intron on 3' cleavage at the natural site
The activation by the Al mutation of compensatory cryptic 3' splice sites raised the possibility of a similar compensatory effect at the natural 3' splice site. To investigate this possibility, we have analyzed constructions bearing further alterations of the 3' splice site. A G to C mutation at the last intron nucleotide was combined with the three different substitutions at the first position to test restoration of cleavage at the wild-type 3' splice site as described for the actin intron. In addition, the effect of a double mutation of the 3' splice site (AG to CC) was examined.
Splicing was analyzed by primer extension (figure 3A; Wildtype, Al and A1-C397 mutants are shown as controls in lanes 2, 3 and 6, respectively). No mRNA could be detected in the C398 and C397-C398 mutants and the transcripts accumulated as precursors and lariat intermediates, showing an impairment of the first and second splicing steps ( figure 3A; lanes 4 and 5) . These constructs gave low levels of j-galactosidase ( figure 3B ). When combined with the Al mutation the major splicing product from these mutants of the 3' splice site was the cryptic -39 mRNA already present in the Al single mutant. In addition, the double mutant A1-C398 exhibited a band migrating at the same size as the wild-type mRNA ( figure 3A, lane 7) . The increase of 3-galactosidase activity generated by this double mutation indicated a significant compensatory effect. Sequencing the PCR product from this mRNA (figure 2A) confirmed that it was the wild-type mRNA (data not shown). This compensatory effect confirms the result observed by Parker and Siliciano (12) , i.e. a partial but reciprocal suppression of second step defects of mutants at the first and last position by the double mutant combination. The compensation was weaker than in the actin intron most likely because of competition for 3' cleavage by the -39 site, which is used much more efficiently.
The triple mutation Al-C397-C398 induced an increase in the use of the minor 3' cryptic splice site at position -3 already detected in the A1-C397 mutant (compare lanes 6 and 8 in figure   3A ). The location of this site was confirmed by sequencing the corresponding PCR product ( figure 2A and 2B ). This result correlates with an increase of the [B-galactosidase levels (compare the (3- galactosidase values in figure IA and 3B; note that the similar values observed in the Al-C398 and Al-C397-C398 combinations do not result of the utilisation of the same 3' splice site). Thus, when the sequence of the penultimate nucleotide is altered by an A to C mutation, the G to C mutation at the last nucleotide are consistent with previous studies in other S.cerevisiae introns (23; 24) . Mutations at the 3' splice site blocked the second splicing step as shown by the large increase of the lariat intermediate amount. In addition, these mutations induced some increase of the amount of unspliced precursor. Such observations were previously reported (26; 27) . It suggests that 3' splice site sequences, although non essential for the first splicing step in S. cerevisiae (28) , are recognized prior to 5' cleavage and moderately affect the first step (27) . (29) . The observation that the combination of these mutations with position 1 mutations which strongly block splicing prior to lariat formation, restores the amount of transcripts in the double mutants is consistent with this hypothesis (compare lanes 6-8 to lanes 9-17 in figure 1B) . In order to test an interaction between the first and penultimate nucleotides of a yeast nuclear pre-mRNA intron, as observed in group II introns, we analyzed the splicing of a complete panel of double mutants at the first and penultimate positions. This study did not reveal any compensatory effect. In particular, the equivalent of the compensatory combinations in group II introns ( I l-G397 and C1-G397; (13) ) are completely inactive for the second step of splicing in the rp5JA intron. In contrast, we observed a compensatory effect of a double mutation at the first and last positions, which occured in the same combination (Al-C at the last position) as reported in the actin intron (12) . In addition to this compensatory effect at the wild-type splice site, the activation of cryptic 3' splice sites by a 5' mutation LA1) provides new perspective on the mechanism of 3' splice site selection in yeast. The two alternative sites occur downstream of a nucleotide which differs from the universally conserved G (UAC/ at -39 and UAA/ at -3). The fact that the sequence of the alternative splice sites are in accordance with the compensatory combinations at the natural sites described here (figures 3A and 3B) and in the actin intron (12) indicates that the interaction between the first and last nucleotides is involved in the mechanism of 3' splice site selection.
The minor site at position -3 (UAA/) is activated by the Al mutation, but only when the wild-type 3'SS is altered by an A to C substitution at the penultimate position (mutants Al-C397 and Al-C397-C398). Interestingly, the wild-tpe 3'SS is not used in the triple mutant A1-C397-C398, even though it presents the compensatory change G to C at the last position. Indeed, the more the natural 3' splice site is altered, the more the -3 site is used (compare utilisation of the -3 site in mutants Al-C397 and A1-C397-C398 in lanes 6 and 8 of figure 3A ). This suggests that other elements recognize the 3' splice site and that the -3 and natural sites are in competition for these elements. In this hypothesis, the mutated (UCG/) natural site would be recognized but not cleaved. In Schizosaccharomyces pombe, the 3' splice site AG is recognized by base pairing with positions 7 and 8 of Ul snRNA (30) . However, this interaction does not seem to occur with the corresponding positions of U1 (9 and 10) in S.cerevisiae (31) . Moreover, in S.pombe, its role is limited to 5' cleavage. Alternatively, U6 snRNA (10) or some U5 associated proteins (32) are potential candidates for being such factors. Indeed, non Watson-Crick base pairs are important RNA recognition elements for proteins (reviewed in 33), and an interesting hypothesis is that the RNA -RNA interaction discussed here constitutes an element of recognition for proteins essential for the second step.
In addition, one has to emphasize that the -3 splice site is preferred over two other potential UAA/ sites located in exon 2, near the 3' junction. Similarly, in the A1-C398 double mutant, the cryptic site UAC/ at -39 is predominantly used over the UAC/ site at the wild-type position. Thus, it appears that 3' splice sites located closer to the branchpoint are preferred to more distant over the -3 site UAA/ in the Al-C397 and Al-C397-C398 mutants can also be explained by the better compensatory effect of an A-C pairing over an A-A pairing; 12). This branchpoint proximity rule is consistent with previous experiments in yeast (27) or mammalian systems (34) . In light of our results, a possible interpretation of these observations is that a short distance between the branched GI and the 3' splice site favors the formation of the first to last interaction which is implicated in 3' splice site selection; thus 3' splice sites closer to the branchpoint would be more easily positioned near the branched GI. Furthermore, it has been shown that the polypyrimidine tract is essential for 3'SS selection in 3' long introns (27) . This sequence could serve to fold the 3' end of the intron in order to bring the branched G1 close to the last intron nucleotide. It is possible that some factor(s) which have been identified as important for 3' splice site selection (32) would interact with the polypyrimidine tract to induce this folding.
To our knowledge, our results constitute the first example of a mutation of the 5' splice site inducing utilisation of cryptic 3' splice sites. There have been several reports of cryptic splice sites activation by point mutations, for example in globin gene introns where such mutations are responsible for thalassemia (35 and references therein). However, in previously reported cases, cryptic 3' splice sites were always induced by mutations at the 3' end of the intron. Despite this finding, several points remain unanswered. First, does the interaction between the first and last intron nucleotides also occur in other systems, as in mammalian cells? The analysis of second site suppressors of splicing mutants of the dihydrofolate reductase gene in chinese hamster ovary cells led to the observation that a G to A mutation at the first position could be compensated by a G to A substitution at the last position (36) . This observation suggests the existence of a similar interaction in mammalian introns. Thus, the interaction between the first and last nucleotides may be a general feature of nuclear pre-mRNA splicing. Second, our analysis did not allow us to elucidate the precise hydrogen bond pattern of the interaction. In addition, the molecular elements in the spliceosome which are responsible for the stabilisation and/or the recognition of this interaction remain to be identified.
